Ovalbumin is known to have six half-cystine residues with four thiol groups and one disulfide bond.
Introduction
Ovalbumin is one of the relatively few proteins containing both thiol groups and disulfide bonds. It has long been recognized that the native protein contains buried thiol groups that only become reactive to reagents for thiol groups upon denaturation, although there are differing degrees of reactivity depending on the thiol reagents used. The more recent analytical studies (Fernandez-Diez et ale 1964; Fothergill and Fothergill 1970 ) demonstrated four thiol groups and one disulfide bond per mole of ovalbumin.
Our studies aim to define the amino acid sequences around the six half-cystine residues in ovalbumin by analysing peptides labelled with [2-14C]iodoacetic acid, in conjunction with analysis of cysteic acid peptides from performic acid-oxidized ovalbumin.
Identification of the half-cystine residues involved in the disulfide bond of the native protein was also undertaken. Fothergill and Fothergill (1970) had shown involvement with the half-cystine residue near the C-terminus in the disulfide bond which is not in agreement with the isolation, without splitting of the disulfide bond (Smith 1968 ), of a large peptide containing this sequence from denatured plakalbumin.
Materials and Methods
Ovalbumin was prepared from hen's eggs and recrystallized at least three times to remove other protein impurities as described by Warner (1954) .. Electrophoresis on Cellogel at pH 8·6 showed three zones corresponding to ovalbumin with two, one or zero phosphate groups, the diphosphate predominating (Perlmann 1952) .
For the investigation of disulfide sequences in the native protein the ovalbumin was prepared from freshly laid eggs in which the more stable form of ovalbumin (S-ovalbumin) has not formed in significant amounts (Smith 1964) .
Preparation of S-carboxymethyl (SCM)-ovalbumin
The blocking of the thiol groups in native ovalbumin followed the method of Smith and Back (1968) . The protein (200 mg) was dissolved in 20 ml 8 M urea-Ov l M HCI before addition of 100 mg iodoacetic acid in 0·2 ml 3·5 M NaOH and adjustment of the pH to 8·5. After 15 min the SCMovalbumin was recovered after dialysis against water and freeze-drying.
Preparation of Labelled SCM-ovalbumin
Labelled [2-1 4C]iodoacetate (57 mCijmmol) was supplied by the Radiochemical Centre, Amersham-England.
Ovalbumin (100 mg) was dissolved in 0·85 ml 0·1 M tris-0·027 M EDTA, pH 7, and mixed with 4 mIlO M urea in 0·1 M tris-0·027 M EDTA, pH 8 ·7, and 1·6 mg dithiothreitol (10-fold thiol groups per disulfide bond), the pH was adjusted to pH 8·7, the flask flushed with nitrogen and the reduction mixture kept at 37°C for 4 h. Then 50, u1 (25 , uCi) of radioactive [2-1 4C]iodoacetic acid was added and, after 15 min, alkylation was completed with 15 mg non-radioactive iodoacetic acid and 15 mg tris dissolved in O·15 ml water. After a further 15 min the mixture was dialysed against water and freeze-dried. Incorporation of label amounted to 29 x 10 4 cpmjmg.
For labelling of the thiol groups without prior reduction ovalbumin (100 mg) was dissolved in 0·85 ml buffer to which was added 50,u1 (25 ,uCi) of radioactive [2-1 4C]iodoacetic acid diluted with 75,u1 non-radioactive iodoacetate (7·5 ,umol) and 4 mIlO M urea buffer, pH 8·7. After reaction for 15 min complete alkylation was ensured by adding 15 mg cold iodoacetic acid and 15 mg tris. After a further 15 min the mixture was dialysed against water and freeze-dried.
Carboxymethylation of the thiol groups of ovalbumin with non-radioactive iodoacetic acid followed either the above procedure but omitted the radioactive iodoacetic acid, or the method of Smith and Back (1968) previously described. After recovery of the SCM-ovalbumin the disulfide bond was reduced with dithiothreitol in 8 M urea at pH 8·7 with the procedure outlined for ovalbumin and carboxymethylated with [2-1 4C]iodoacetic acid as before.
Performic Acid Oxidation of Ovalbumin
The ovalbumin (1 g) was dissolved in 98-100% (vjv) formic acid (5 ml), cooled to O°Cand treated with 30 ml of ice-cold performic acid reagent preformed from 30% (vjv) H 2 0 2 (3 ml) and formic acid (27 ml) by standing at room temperature for 1 h. After 4 h the solution was dialysed against water and freeze-dried.
Proteolytic Digestion of Modified Ovalbumin
Digestion with TPCK*-trypsin and chymotrypsin (Worthington) and subtilisin BPN' (Nagarse, Teikoku Chemical Industry Co. Ltd, Osaka, Japan) were carried out in 1 % (wjv) ammonium bicarbonate (pH 8·7) at 37°C for 4 h using 1 % enzyme on the weight of substrate. Pepsin digestion was carried out in 5 % (vjv) formic acid at 37°C.
Isolation of Cysteic Acid Peptides from Digests of Oxidized Ovalbumin
Cysteic acid peptides not containing a basic amino acid residue, so that they had a net charge which was zero or negative at pH 2, were separated from other peptides with a net positive charge at pH 2 by passing an aqueous solution of the enzyme digest adjusted to pH 2 through a column (27 by 2 em) of sulfonated polystyrene (Bio-rad AG50W-X2, 50-100 mesh) in the hydrogen form eluted with water (150 ml) until the effluent was neutral (Kimmel et ale 1955) . The non-adsorbed fraction, which can also contain peptides with acetylated amino groups (Narita and Ishii 1962) , pyroglutamyl peptides or phosphorylated peptides (Flavin 1954) , was freeze-dried and dissolved in water (2 ml). The peptides were fractionated by paper ionophoresis at pH 4·6 followed by chromatography as described below.
Peptide Fractionation and Amino Acid Sequence Determination
Peptides were separated by gel filtration, paper ionophoresis and paper chromatography (Fisher et ale 1977) . To minimize the partial oxidation of methionyl and S-carboxymethyl (SCM)-cysteine residues that occurs during liquid cooled high-voltage paper ionophoresis in pyridine-acetate buffer at pH 6·4, a buffer system at pH 4·6 (pyridine-acetic acid-water, 5: 5 : 390 vjv) was substituted.
For ionophoresis at pH 6·4 or in 1 % (wjv) ammonium bicarbonate at pH 8·8 a cooled-plate apparatus (Miles Hivolt Ltd, Sussex, England) was used.
The mixture (5 ml) of Butler (1964) was used for liquid scintillation counting; samples of 25 III were made to 0·5 ml with water.
Peptides were detected by 0·02% (wjv) ninhydrin in ethanol and eluted from the paper after washing thoroughly with acetone. After elution with 60% (wjv) pyridine, samples were taken for dansylation by the method of Gray (1972) and for the dansyl-Edman procedure (Hartley 1970) .
Fractions from gel filtration columns were analysed for the presence of cystine peptides by the method of Smith and Back (1968) which involved reduction of a sample with sodium borohydride solution followed by acetone to destroy excess reagent and 5,5'-dithiobis(2-nitrobenzoic acid) (Ellman's reagent) to give a yellow colour which was measured at 412 nm.
Results

Separation of the Labelled SCMcysteine Peptides
The fractionation of a peptic digest of reduced and labelled SCM-ovalbumin is shown in Fig. 1 . The radioactive peaks were fractionated by paper ionophoresis at 
Peptide Sequences
All residues identified by the dansyl-Edman method are printed in italic fount. Peptides containing SCMcysteine eluted from paper were probably in an oxidized form, presumably sulfoxide. When hydrolysed in unevacuated sealed tubes cysteic acid was the usual product, probably due to the decomposition of the sulfoxide to cysteine and cystine (Takahashi 1973) coupled with their oxidation to cysteic acid (Moore and Stein 1963) . Peptide sequence A Peptides Al and A2 were large and most readily soluble at alkaline pH values. They were the only radioactive zones in fraction 1 (Fig. 1) . The N-terminal sequence was determined as Asp-Lys-Leu-Pro-Gly-Phe-for both peptides, indicating a common origin. The amino acid composition of Al (Lysj., CyS03Ho.g ASP2.3 Thr 1 . o Ser 1 ' 8 Glu 2'6 Pro 1 ' 2 GlY3'4 Ala 1 ' 2 Val o'5 Ile... Leu l.l Phe 1 . o) was very close to that expected from a published sequence for a phosphorylated serine peptide (Milstein 1968) which also had an identical N-terminal sequence. Peptide A2 contained additional residues of His, ASPlVall Ser, and Leu.
The sequence determined by Milstein (1968) was: Asp-Lys-Leu-Pro-Gly-Phe-Gly-Asp-SerP-Ile-Glx-Ala-Glx-Cys-Gly (Thr, Ser, Val) (Asp, His, Val), where the SerP indicates a phosphorylated serine residue and Glx a residue of either glutamic acid or glutamine. Pepsin split this sequence to include the first valine residue, and chymotrypsin split it to include the second valine. Taborsky (1974) showed the (Ile, Glx) sequence as equivocal considering the earlier work of Flavin (1954) . However, our sequence data confirmed that of Milstein (1968) , at least as far as the third aspartyl residue, and was obtained from two acidic peptides present in a subtilisin BPN' digest of oxidized ovalbumin that were not adsorbed by sulfonated polystyrene. One peptide contained cysteic acid and gave the sequence CyS03H-G1y-Thr-Ser-Val-Asx while the other was phosphorylated and gave the sequence Gly-Asp-SerP-Ile-Glx-Ala-Glx (analysis ASP1'0 Sero-s Glu 2 . 0 GlYo'9 Ala l' 0 Ile.,'9). Serine phosphate could be readily detected in partial hydrolysates (1 h, 6 M HCI, 105°C) by paper ionophoresis at pH 1· 8 since seririe phosphate remains near the origin and well separated from cysteic acid (anionic) and other amino acids (cationic).
A thermolysin peptide' from oxidized ovalbumin, the only peptide negatively charged at pH 1·8, was split by staphylococcal protease to indicate the distribution of glutamic acid and glutamine residues:
Phe-Gly-Asp-Ser P-Ile-Glu-Ala-Gln-CyS03H-Gly-Thr-Ser i i i thermolysin staphylococcal protease thermolysin
Peptide sequence B
Peptide Bl analysed CyS03H(+ve)Glul'6Proo'7Tyro'7Leul'0, the SCMcysteine decomposing during hydrolysis. The sequence was Pro-Glu-Tyr-Leu-Gln-CMCys. Peptide B2, Leu-Gln-CMCys (CyS03HO'7 Glu l.o Leuo.s), represents a partial split of the above peptide, the ionophoretic rate relative to other peptides at pH 4~6 indicating a glutaminyl residue. Another peptide B3 Leu-Gln-CMCys-Val-Lys-Glu (CyS03HO'6 Glu 2 ' 1 Val l·o Leu O' 7 Lyso.s) which extends the sequence was also detected in some peptic digests. This latter peptide was the principal peptide found when ovalbumin or SCM-ovalbumin in which the disulfide bond was intact were digested, with subsequent reduction' and labelling of the half-cystine residues; or when such a digest was fractionated by paper ionophoresis, performic acid-oxidized, and refractionated at the same pH of ionophoresis by the diagonal technique (Brown and Hartley 1966) .
Evidence for the B3 sequence also came from cysteic acid peptides isolated from subtilisin BPN' digests of oxidized ovalbumin which included CyS03H-Val, Gln-CyS03H-Val, and Leu-Gln-CyS03H-Val.
The largest peptide B sequence that can be deduced is Pro-Glu-Tyr-Leu-Gln-CMCys-Val-Lys-Glu.
Peptide sequence C Peptide C sequenced as Tyr-CMCys-Pro-Ile-Ala-Ile-Met (CyS03H+ve Mes-., Pro l'0 Ala l. o Ile l'6 Tyro ,4). The SCMcysteine was detected during analysis as cysteic acid and the methionine as the sulfone, presumably due to oxidation during isolation procedures.
A cysteic acid peptide isolated from a chymotryptic digest of oxidized ovalbumin had the sequence CyS03H-Pro-Ile-Ala-Ile-Mes, the latter abbreviation representing methionine sulphone, with the analysis CyS03HO.9 Mes l'2 Proy., Ala l.o Ile 2 . 0.
Peptide sequence D
Peptide Dl sequenced as Phe-CMCys-Phe (CyS03HO'6 Phe 2 . 0). The acidic peptide Phe-CyS03H-Phe was obtained from oxidized ovalbumin digested with pepsin. Chymotrypsin on oxidized ovalbumin gave among the peptides not adsorbed on sulfonated polystyrene at pH 2 the peptide CyS03H-Phe-Asp-Val-Phe (CyS03HO'7 ASPO'9 VaI 1 ·0 Phe 2 ·0)· Subtilisin BPN' digests of oxidized ovalbumin gave an acidic peptide not adsorbed on sulfonated polystyrene: Glu-Phe-Cy'Str-Jl-Phe-Asp.
A longer sequence including these peptides was obtained from a tryptic digest of radioactively labelled SCM-ovalbumin. A peptide detected by autoradiography was digested further with pepsin and the peptides investigated for amino acid sequence and composition. The peptides which gave hydrolysates staining strongly for amino acids on paper ionophoresis at pH 1· 8 included Ala-Ala-Ser-Met-Glu, Phe-CMCys-Phe and Asp-Va1-Phe-Lys. Amino acid analysis agreed with these sequences which lead to the longer sequence D: Ala-Ala-Ser-Met-Glu-Phe-CMCys-Phe-Asp-Val-Phe-Lys.
Peptide sequence E Peptide E, which was uncharged at pH 4·'6, gave the amino acid composition CyS03 H + ve Ser os Pro O'9 GlY1'o Valo.8Phej., Arg 1-o and the identical sequence Phe-Gly-Arg-CMCys-Val-Ser-Pro to the known C-terminal sequence of ovalbumin (Thompson et al. 1971) .
The only peptides derived from this sequence in digests of oxidized ovalbumin that were not adsorbed by sulfonated polystyrene were those not containing arginine. For example subtilisin BPN' digests gave peptides CyS03H-Val-Ser-Pro and CyS03H-Val (also possibly derived from sequence B).
Peptide sequence F This peptide was basic at pH 4· 6 and sequenced as Phe-CMCys-Ile-Lys-His-Ile-Ala-Thr (LyS1'O His o'9 CyS03Ho'9 Thr o'9 Ala 1'1 Ile2-o Phe o.9). This sequence corresponds to a section of the known C-terminal sequence' of ovalbumin (Thompson et ale 1971) . The lysyl residue near cysteine results in peptides derived from this sequence by enzymic digestion of oxidized ovalbumin being adsorbed by sulfonated polystyrene at pH 2.
Disulfide linked half-cystine sequences
When the thiol groups of native ovalbumin were carboxymethylated with nonradioactive iodoacetate followed by reduction of disulfide bonds and carboxymethylation with [2-14C]iodoacetate, the Sephadex gel filtration curve of a peptic digest (Fig. 3) showed a marked increase in the radioactivity associated with peaks 1 and 2 of Fig. 1 . As peak 1 contained only peptides from sequence A this must be one of the disulfide-linked half-cystine residues. Peak 2 material showed the presence of the peptides Bl Pro-Glu-Tyr-Leu-Gln-CMCys and B2 Leu-Gln-CMCys from sequence B with high radioactivity, although other radioactive bands were also present so that the second half-cystine involved in the disulfide bond was not unequivocally indicated. The possibility of some disulfide exchange reactions (Ryle and Sanger 1955) during the initial carboxymethylation could not be excluded. Autoradiography showed the additional labelling of peptide sequence E was relatively higher than that of sequences C and D while sequence F was not labelled significantly.
An alternative method of identifying the major cystine peptide was to digest with pepsin the SCM-ovalbumin in which thiol groups had been blocked with non-radioactive iodoacetate, fractionate on a Sephadex G25 column and measure the disulfide content of each fraction. The results are shown in Fig. 4 . Only the fastest peak showed significant disulfide content. When this peak was examined by the diagonal technique of Brown and Hartley (1966) at pH 1·8 only two zones appeared, off the diagonal after performic acid oxidation. One zone corresponded in composition and N-terminal sequence to peptide sequence A while the other corresponded to peptide sequence B3 Leu-Gln-CMCys-Val-Lys-Glu. Tube number
Discussion
The amino acid sequences of peptides isolated from peptic digests of reduced and S-carboxymethylated ovalbumin were consistent with only six half-cystine residues 2 1·0 E r::: 1964) and Fothergill and Fothergill (1970) . These peptide sequences could be con- The sequence E is the C-terminal fragment of ovalbumin. With sequence F it forms part of an extended 49 residue C-terminal sequence previously deduced by Thompson et ale (1971) from the sequence of a 33 residue peptide isolated from plakalbumin without disulfide bond splitting (Smith 1968 ) and a serine phosphate-containing sequence reported by Milstein (1968) . Evidence for these two half-cystine sequences was also obtained by Fothergill and Fothergill (1970) from tryptic digests of SCMovalbumin. These authors studied the location of the disulfide bond in ovalbumin by a double-labelling technique and concluded that the C-terminal sequence E was involved, in disagreement with the data of Smith (1968) mentioned above.
Ovalbumin isolated from freshly laid eggs is native ovalbumin whereas ovalbumin isolated from eggs that have been stored even for short periods contain increasing amounts of a less reactive form known as S-ovalbumin (Smith 1964 ) that can be detected only by its greater stability to denaturation. The pH dependence of the conversion is in the range of ionization of thiol groups. This and the known thioldisulfide exchange reactions of proteins (Ryle and Sanger 1955; Cecil 1963) suggest that the ovalbumin disulfide group is involved in the conversion to S-ovalbumin. Smith and Back (1968) investigated the cystine peptides of ovalbumin and S-ovalbumin obtained by tryptic digestion. No differences in the peptides linked by the disulfide bond were detected, .but it is difficult to compare the fractions they analysed, which contained all the amino acids, with the peptides reported here in defined amino acid sequences. Until the' purified disulfide peptide sequences are directly compared the question of thiol-disulfide exchange must remain open. It might be significant that Fothergill and Fothergill (1970) used ovalbumin 'isolated from eggs laid by only one Whitehorn hen, to minimize problems of genetic polymorphism', which suggests that if more than one egg was used, and stored before isolation, their preparations could contain significant amounts of S-ovalbumin. Smith (1964) reported 23 % S-ovalbumin in poultry farm eggs after packing and 40 %in retail store eggs.
In the experiments reported here native ovalbumin was used in isolating the disulfide peptide from peptic digests of SCM-ovalbumin. The sequences A and B were shown to be involved in the disulfide bond. If other disulfide-containing peptides were present they were not detected in significant amounts. When attempts were made to block the thiol groups in native ovalbumin by carboxymethylation with non-radioactive iodoacetate, followed by reduction and carboxymethylation with [2-14C]iodo-acetate of the half-cystine residues involved in the disulfide bond, some thiol-disulfide exchange had apparently occurred. With this more sensitive technique peptide sequences other than A and B were also radioactively labelled, although not as intensively.
Of the other labelled peptides the C-terminal fragment E was most heavily labelled, which might reflect a faster involvement in thiol-disulfide exchange reactions. Peptide F was not labelled significantly in accord with the lighter labelling of this half-cystine in the experiments of Fothergill and Fothergill (1970) . Their data showed labelling of all half-cystines with both 3H and 14C. Further experiments are necessary to study these thiol-disulfide interchange reactions using both native ovalbumin and S-ovalbumin.
Sequence A is identical with a sequence reported by Milstein (1968) for a serine phosphate-containing series of peptides isolated from peptic and chymotryptic digests of ovalbumin by a diagonal technique. Our evidence supports this sequence and in particular the relative order of the -Ile-Glx-residues.
Sequences B, C and D have not previously been reported. By using radioactively labelled SCMcysteine peptide sequences in conjunction with fragmentation of SCM-ovalbumin by techniques such as a cyanogen bromide cleavage, it should be possible to determine a more complete picture of the covalent structure of ovalbumin.*
